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The low-copy repeat (LCR) is a new class of repetitive DNA element and has been implicated in many human disorders, including DiGeorge/
velocardiofacial syndrome (DGS/VCFS). It is now recognized that nonallelic homologous recombination (NAHR) through LCRs flanking the
chromosome 22q11.2 region leads to genome rearrangements and results in the DGS/VCFS. To refine the structure and content of chromosome
22q11.2 LCRs, we applied computational analysis to dissect region-specific LCRs using publicly available sequences. Nine distinct duplicons
between 1.6 and 65 kb long and sharing >95% sequence identity were identified. The presence of these sequence motifs supports the NAHR
mechanism. Further sequence analysis suggested that the previously defined 3-Mb deletion may actually comprise two deletion intervals of similar
size close to each other and thus indistinguishable when using fluorescence in situ hybridization (FISH) analysis. The differentially deleted regions
contain several hypothetical proteins and UniGene clusters and may partially explain the clinical heterogeneity observed in DGS/VCFS patients
with the 3-Mb common deletion. To implement further sequence information in molecular medicine, we designed a real-time quantitative PCR
assay and validated the method in 122 patients with suspected DGS/VCFS. The assay detected 28 patients with chromosome 22q11.2 deletion
later confirmed using FISH. Our results indicated that the developed assay is reliable as well as time and cost effective for clinical diagnosis of
chromosome 22q11.2 deletion. They also suggest that this methodology can be applied to develop a molecular approach for clinical detection and
diagnosis of other genomic disorders.
D 2005 Elsevier Inc. All rights reserved.Keywords: Computational analysis; Low-copy repeat; Molecular diagnosis; Nonallelic homologous recombination; Real-time quantitative PCR; Chromosome deletionIntroduction
The completion of the human genome sequences reveals that
at least 5% of the human genome consists of a new class of
repetitive DNA element, the so-called low-copy repeats (LCRs)
[1–4]. LCRs are region-specific DNA blocks that usually span
1–400 kb and share 95% sequence identity [3,5]. These
structural features of the human genome can arise from recent0888-7543/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: hssun@mail.ncku.edu.tw (H..S. Sun).segmental duplication events in genome evolution [2,3] and are
the major cause of genomic disorders that result from LCR-
mediated DNA rearrangements through nonallelic homologous
recombination [1,6,7]. In all known human diseases involving
chromosomal rearrangement, deletion of the chromosome
22q11.2 region is the most common type of genomic disorder.
It has an estimated prevalence rate of 0.013–0.025% in infancy
[8,9], and it is associated with various diseases, including
DiGeorge syndrome (DGS; MIM 188400) and velocardiofacial
syndrome (VCFS; MIM 192430) [10,11]. Although the pheno-
types associated with chromosome 22q11.2 deletion are highly
variable, the diseases exhibit significant developmental defects
in cranial and cardiac neural crest derivatives [12].6) 290 – 297
www.el
Y.-F. Chen et al. / Genomics 87 (2006) 290–297 291Previous studies have identified multiple LCRs in the chromo-
some 22q11.2 region [13,14] and shown that homologous recom-
bination through these LCRs leads to genome rearrangements
[15,16]. Monosomy, or reduced dosage of genes within the deleted
region, is believed to cause DGS/VCFS phenotypes [11,15]. By
using high-density genetic markers in the chromosome 22q11.2
region, one study [12] demonstrated that 90% of the VCFS/DGS
patients under examination had a similar 3-Mb deletion. Another
1.5-Mb deletion on the same proximal end was detected in 7% of
the patients [12]. In addition to various deletions, other types of
genomic rearrangements, such as chromosome 22q11.2 microdup-
lication [17] and t(11;22) (q23q11.2) translocations [18], have been
reported. These data suggest that the chromosome 22q11.2 region
is indeed prone to DNA rearrangement.
Different approaches have been applied to determine the
DNA copy number in the chromosome 22q11.2 region, for
example, fluorescence in situ hybridization (FISH) [19],
microsatellite typing [12,20], microarray-based comparative
genomic hybridization (array-CGH) [21], and TaqMan real-
time quantitative (Q) PCR [22]. Of all the available techniques,
FISH has been the major approach in routine clinical diagnosis
of chromosome 22q11.2 microdeletion syndromes. The Histone
cell cycle regulation defective, S. cerevisiae, homolog A (HIRA)
gene is located within the 120-kb critical region for DGS/VCFS;
thus, it has been themost commonly used probe in FISH analysis
for diagnosing DGS/VCFS [19]. However, the HIRA probe
failed to detect approximately 6–10% of patients with syndro-
mal features [5,23]. In addition, the conventional metaphase
FISH approach was not practicable for detecting microduplica-
tion [17], which is expected to occur at a similar frequency under
reciprocal events. Furthermore, a single FISH analysis cannot
detect the atypical nested chromosome rearrangement events
estimated in 7–14% of cases. These data suggest that an
alternative diagnostic method is desirable for detecting all the
subtle rearrangements within this chromosomal region.
In the present study, we have refined the sequence structure of
chromosome 22q11.2 LCRs using bioinformatics tools. Results
from our computational analysis were used to develop a real-
time QPCR approach using the SYBR Green I detection system
with four locus-specific primer sets. We validated this method in
122 patients with suspected DGS/VCFS, and we detected 28
patients with chromosome 22q11.2 deletion. The QPCR assay
results were identical to those of separately conducted FISH
analyses, demonstrating that this method is rapid, efficient, and
accurate. In addition, information from the LCR analyses
provides a framework for developing assays to detect clinically
many known as well as undiscovered genomic disorders.
Results
Refinement of sequence structure on chromosome 22q11.2 LCRs
DGS/VCFS (MIM 188400 and MIM 192430) is the most
common chromosomal deletion syndrome in humans and was
hypothesized to result from homologous recombination between
LCRs on 22q11.2 [11]. NT_011519 andNT_011520, two contigs
that comprise 26,937,883 bases of the human sequence in thechromosome 22q11.2 region, have been analyzed using bioinfor-
matics tools to illustrate the fine sequence structures within this
region. Each dot within the plot (Fig. 1A) represents a greater
than 1-kb fragment with more than 90% identity to the query
sequence, and the diagonal line represents the perfect match
resulting from each contig sequence compared with itself. Lines
other than the diagonal line are repeated sequences in which the
direct repeats and inverted repeats are shown as parallel and
perpendicular, respectively, to the diagonal line. The length of
each line is proportional to the size of the region of identity.
Our computational analyses revealed a highly repeated
internal region of about 3 Mb (from 17,017,005 to 20,034,184)
that consist of nine distinct sequence motifs (i.e., duplicons)
with an average of 2.7 duplications (range, 1–7). We named
the first appearance of each duplicon first copy and any
repetitive sequence motifs downstream from the first are
referred to as other copies (Table 1). Our data indicated that
the duplicons ranged from 1.6 to 65 kb long and shared an
average sequence identity of 97.8% (Table 1). Four LCR
blocks arising from these distinct duplicons were established,
and the positions of these blocks in relation to the previous
classification on chromosome 22q11.2 LCRs [15] were plotted
(Fig. 1B). The LCR22-A region constitutes four overlapped
blocks that span roughly 292 kb. While the LCR22-B region
actually consists of two repetitive sequence domains of 136 and
113 kb, the two domains are separated by a 171-kb nonrepeated
sequence, including an approximately 50-kb gap. Furthermore,
the region referred to as LCR22-C [15] is a single 10.4-kb
duplicon, and the repetitive domain on the LCR22-D region is
about 190 kb long and consists of blocks 2 and 3.
Assay development, analysis, and validation
All primers designed for real-time quantitative PCR in this
study were confirmed to be unique sequences using the BLAST
program (http://www.ncbi.nlm.gov/BLAST) and the positions of
each primer in relation to chromosome 22 LCRs are showed in
Fig. 1C. The optimized primer andDNA template concentrations
for amplification of each amplicon were determined empirically.
The amplification plots of all amplicons using known diploid
samples have similar amplification curve, thus indicating
comparable PCR efficiency. Because the PCR conditions were
identical, we amplified all target loci and albumin genes together
in one plate. All samples were assayed in triplicate and the
standard deviation (SD) for three assays was calculated. Of 122
patients examined using QPCR assays, 6 were removed from
final analysis because no PCR signal was detected due to bad
DNA quality. To minimize the variation of the measured DNA
copy numbers from triplicates of each sample, each analysis was
done at the optimal threshold within the logarithmic curve. The
coefficients of variation of DDCt from eight repeated assays and
three independent experiments were less than 0.6% and between
0.9 and 3.7%, respectively. These data revealed that variability in
both intra- and interassay was small.
Because all patients tested in real-time QPCR assay were also
examined using FISH analysis (Fig. 2), DNA copy number
determined using QPCR was correlated with the FISH data.
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groups: the diploid genotypes had an average DDCt ratio for
three markers of 1.05 T 0.18, 1.02 T 0.15, and 1.09 T 0.15, andthe gene copy deletions had an average DDCt ratio for three
markers of 0.48 T 0.1, 0.51 T 0.12, and 0.49 T 0.11 (Fig. 3 and
Supplementary Table 1). In addition, DDCt ratios of two
Table 1
Chromosome coordinates and sizes of duplicons on chromosome 22q11.2 LCRs identified by computational analysisa
LCR dupliconsb First copy (NT_011519) Other copies
Start Lengthc Contig Start Lengthc
Identity (%)
1 17,017,005 14,531 NT_011519 19,042,078 14,502 97.7
2 17,031,537 27,062 NT_011519 17,095,706 27,991 98.8
NT_011519 17,225,259 24,429 98.2
NT_011519 18,700,679 28,118 98.2
NT_011520 18,953,028 27,811 98.5
NT_011520 19,017,644 16,390 98.4
NT_011520 19,846,404 28,378 98.4
NT_011520 19,977,978 26,107 98.5
3 17,063,453 22,631 NT_011519 17,087,093 4,647 92.9
NT_011519 18,686,671 13,221 97.2
NT_011519 18,869,871 14,112 99.3
NT_011520 18,990,693 22,688 99.4
NT_011520 19,829,936 14,377 97.7
NT_011520 20,005,735 22,944 98.6
4 17,125,879 63,437 NT_011519 18,730,101 13,574 99.5
NT_011520 18,933,987 19,040 99.5
NT_011520 19,876,086 65,402 99.3
5 17,187,055 38,204 NT_011520 19,367,458 10,429 97.1
NT_011520 19,790,229 39,698 98.9
NT_011520 19,938,882 39,096 99.0
6 17,265,196 21,327 NT_011519 18,664,149 20,100 94.9
7 17,296,938 1,490 NT_011519 18,661,765 1,490 96.7
8 17,309,918 27,971 NT_011519 18,624,988 30,400 94.4
9 17,385,287 12,280 NT_011519 18,852,077 12,288 97.3
NT_011520 20,034,184 12,293 97.2
a All coordinated sequences and contigs shown are based on build 35.1 human genome sequences and are in centromere to telomere orientation.
b The order and content of each duplicon are the same as in Fig. 1C.
c The minus sign indicates that the duplicon is in the reverse (i.e., telomere to centromere) orientation.
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(i.e., CO3M and TO3M) from 20 randomly selected patients
were close to 1 (data not shown). Results of QPCR and FISH
analyses from 116 patients suspected of having DGS/VCFS
were compared and revealed a 100% identity. The diagnostic
ranges of the QPCR assay thus can be set for future clinical
application, as theDDCt ratio under 0.6 and above 0.9 represents
a deletion or normal genotype, respectively. Results from
individual analyses outside these ranges were considered
inconclusive, and the analyses will need to be repeated.
Identification of chromosome 22q11.2 deletions using
position-specific gene primers in real-time QPCR assays
To identify the occurrence and class of chromosome 22q11.2
deletions, we designed a QPCR assay using three evenly spaced
primer pairs (i.e., A3M, M3M, and T3M) covering the entire
common deletion region. Primer pair M3M is in the middle ofFig. 1. Organization and relative positions of LCRs on the chromosome 22q11.2 regio
the human chromosome 22q11.2 region is compared with itself. The sequences on th
diagonal lines, and inverted repeats are lines that intersect the diagonal lines. As dem
blocks (arrows) define the common deletion interval. (B) The arrangement of duplicat
centromere (Cen) to telomere (Tel). The duplicons are shown as colored arrows that ind
proportional to the exact size of each respective duplicon; text information is given i
blocks (arrows below the duplicated modules). Unique markers flanking the LCRs a
primer pairs used for real-time quantitative PCR assay. The orientation of the sequenc
Shaikh et al. [15], are shown as red-filled boxes. The bars in black aremicrosatellites an
designed for each amplicon within and flanking the deletion region, respectively. Ththe common deletion region and thus can be used to distinguish
the two deletion types. For example, if the DDCt ratios for A3M,
M3M, and T3M amplicons are all close to 0.5, it indicates a loss
of the entire 2.8-Mb region. On the other hand, if only the A3M
and M3M amplicons have DDCt ratios close to 0.5, but the ratio
for T3M is close to 1, it indicates an internal 1.6-Mb deletion in
the chromosome 22q11.2 region. Twenty-eight patients showed
DDCt ratios close to 0.5 for all three amplicons, thus suggesting
that all of them had the common 2.8-Mb deletion (Fig. 3).
Discussion
The chromosome 22q11.2 region is prone to genomic
rearrangements that lead to a germ-line DNA copy-number
change in cat-eye syndrome, der(22), DGS, VCFS, and several
somatic translocations observed in various tumors [24,25].
Previous sequence analysis of all of chromosome 22 revealed
eight LCRs (i.e., LCR22-2, -3a, -3b, -4, -5, -6, -7, and -8)n. (A) Dot plot visualization in which a sequence from two overlapped contigs on
e y and x axes represent LCR22-A and -D, respectively. Direct repeats appear as
onstrated on the side of the y axis and underneath the x axis, two larger repeated
ed fragments within LCR22-A, -B, -C, and -D. The orientation of the sequence is
icate their orientation with respect to the chromosome. The sizes of the arrows are
n Table 1. There are nine duplicated modules that constitute four larger repeated
re shown in black. (C) Schematic representation of LCRs, unique markers, and
e is centromere (Cen) to telomere (Tel). LCR22-A, -B, -C, and -D, as defined by
d STS for marking the relative positions. The bars in green and yellow are primers
e purple line marks the position for the HIRA gene probe used in FISH analysis.
Fig. 3. Real-time quantitative PCR assay of three locus-specific primers designed f
T3M are primers for amplification of the typical deletion region on chromosome 22q
VCFS (gray and striped boxes represent samples with and without chromosome 22q
genotypes (open boxes) are shown. The DDCt ratios of about 1.0 indicate a diploid g
time quantitative PCR completely concurred with the results obtained using FISH.
Fig. 2. Dual-color FISH for detection of chromosome 22q11.2 deletion.
Interphase cells from patients were hybridized with a chromosome 22q11.2-
specific probe, HIRA (red), and a control probe, ARSA (green). The patient
shows only one red signal along with two green signals; this indicates a
deletion. The probe used in a FISH assay can detect the deletion, but it cannot
distinguish the 1.6-Mb deletion from the common 2.8-Mb deletion.
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identity [13]. One study [15] used gene-specific PCR sequenc-
ing to identify four LCRs (i.e., LCR22-A, -B, -C, and -D),
which comprise smaller modular units with varying arrange-
ments within each LCR on chromosome 22q11.2. To refine the
sequence structure of the chromosome 22q11.2 region, we
applied a more stringent filter process in computational
analysis; therefore, only sequences with more than 90%
identity within a 1-kb window were extracted for further
comparison. With the advantage of our approach, four LCR
blocks consisting of nine repeated regional duplicons were
identified (Table 1), and the detailed organization of these
repetitive motifs on the chromosome 22q11.2 region was
determined (Fig. 1B).
Sequence analysis suggested that both LCR blocks 2 and 3
are present on LCR22-A (Fig. 1B); thus, LCR22-D can
mediate chromosomal rearrangement to generate a 2.8- or
2.7-Mb deletion, respectively. These two deleted regions were
previously described as the common 3-Mb deletion defined by
haplotype analysis [14,16] and FISH [15]. LCR blocks 2 and 3or detection of chromosome 22q11.2 deletion in 48 subjects. A3M, M3M, and
11.2. DDCt ratio and standard deviation of 48 patients suspected of having DGS/
11.2 deletion from FISH examination, respectively). Four samples with normal
enome, and samples with DDC t ratios of about 0.5 indicate a deletion. The real-
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overlap on LCR22-D. It is possible that the 3-Mb common
deletion that accounts for 90% of VCFS/DGS patients [12]
actually consists of two deletions close in size and position and
that are indistinguishable using FISH. The distribution of these
two types of deletions within the 90% of VCFS/DGS patients
who have them is unclear and is impossible to elucidate from
the sequence analysis alone. The ¨100-kb differently deleted
regions between these two types of deletions contain at least
nine known UniGenes and three unknown genes, including
USP18. The functions of these genes are largely unknown.
Whether the deletion interval involving these genes can explain
the observed heterogeneity in clinical phenotypes of DGS/
VCFS merits further investigation.
LCRs on the B region are reported as an approximately 220-
kb repetitive domain encompassing an ¨80-kb gap [10]. Our
analysis of the LCR22-B region revealed two repetitive-
sequence domains separated by an unrepeated 171-kb sequence.
The gap was reduced in size but remains roughly 50 kb unfilled.
It is possible that the gap region contains repetitive sequences as
well; if so, the LCR22-B2 region will be expanded into a 175-kb
repetitive domain. Likewise, LCR block 3 on the A and B1
regions might be responsible for the 1.6-Mb internal deletions
(previously reported as 1.5 Mb) observed in about 7% of DGS/
VCFS patients. In addition, the single 10.4-kb duplicon on the
LCR22-C region confirms the previously reported organization
and is responsible for about 2% [15] of chromosome 22q11.2
deletions in DGS/VCFS patients.
In addition to these tandem-duplicated sequence blocks, our
analysis revealed the formation of two large blocks (1 and 4)
with inverted orientation on LCR22-A and -B. Although these
two pairs of inverted repeats might serve the sites for DNA
rearrangement, the intervals between them may be too small to
generate paracentric chromosome inversion. Previous studies
that investigated 446 paracentric inversions [26] and 220
independently ascertained inversions [18] have identified only
one inversion-involved chromosome, 22q11.2 (i.e., from
22q11.2 to 22q12.2). Furthermore, neither parental inversion
polymorphism within the chromosome 22q11.2 region predis-
poses to DNA rearrangement in the DGS/VCFS patients [27].
These data demonstrated a less common incidence of
paracentric inversion in this chromosomal region and may
reflect the mild nature of abnormalities of balanced inversions
involving chromosome 22q11.2; thus, they go undetected.
Compared with other methods of determining the DNA copy
number in the chromosome 22q11.2 region, our approach is less
labor- and reagent-intensive than most, especially FISH and
array-CGH. The deletion region can be screened with a minimal
set of four gene-specific primers (i.e., A3M, M3M, T3M, and
albumin) with less than 1 Ag of genomicDNA (¨300 Al of whole
blood) from each individual; thus, eight individuals can be
simultaneously examined in triplicate in one 96-well plate. In
contrast to the high-cost TaqMan assay, our approach applies
SYBR Green I dye to detect PCR products. This makes our
method more cost-effective for designing a real-time QPCR
assay for a clinical screening protocol. Furthermore, real-time
QPCR allows primers to be designed to target any particularsubchromosomal region larger than 100 bp (the size of one
amplicon). Therefore, the resolution of detection provided by
real-time QPCR is the highest of all currently available methods.
Finally, the detection of DNA copy number change using real-
time QPCR takes less than 3 h per run. Together with genomic
DNA isolation, the whole screening process can be completed in
half a day. Although Kariyazono et al. [22] reported a real-time
QPCR assay with a single TaqMan probe to detect 22q11.2.2
deletion, their approach does not determine the deletion
boundary and tends to have a higher rate of misclassification;
therefore, in some circumstances, it needs confirmation using a
second method (i.e., FISH). To circumvent these problems, our
approach used three locus-specific primer sets to cover the entire
deletion interval, thus allowing the user to conclude the deletion
status as well as deletion boundaries from three independent
QPCR assays. Because we lacked positive controls (i.e., patients
with internal 1.6-Mb deletions or microduplications), the present
study could not provide evidence of different types of DNA
rearrangements. The developed application, however, was
confirmed to be a sensitive yet cost-effective assay for detecting
chromosome 22q11.2 microdeletions.
Increasing efforts have been made to develop molecular
diagnostic approaches to detect subtle chromosomal rearrange-
ments such as Charcot–Marie–Tooth (CMT1A) and HNPP
[28–31], Williams–Beuren syndrome [32], Prader–Willi/
Angelman syndrome [28–31], and Y chromosome microdele-
tions [31]. Because it is possible to develop a set of locus-
specific primers for real-time QPCR to screen all genomic
disorders in one 96- or 384-well plate, in the present study, we
were able to develop a prototype for elucidating the application
of genomic information in modern molecular medicine.
Materials and methods
Computational analysis of chromosome 22q11.2 LCR
The contig sequences covering chromosome 22q11.2 were downloaded from
NCBI databases (June 4, 2004, release, build 35.1; ftp://ftp.ncbi.nih.gov/
genomes/H_sapiens/). Before the initial screening, sequences from components
that constitute the two contigs were used to BLAST against the whole human
genome sequence to confirm that there were no assignment and assembly errors.
The high- and medium-copy repeats and low-complexity sequences were then
masked using the RepeatMasker program (Smit and Green, RepeatMasker at
http://ftp.genome.washington.edu/RM/RepeatMasker.html), and masked
sequences were compared using a BLAST-based program [33] developed in
house with Java language. By demanding that each hit of matches involve at least
1-kb sequences with >90% identity, all hit results were exported in Extensible
Markup Language and stored in a local data warehouse. To present the data, we
developed an interactive query system and dot-plot visualization tool using
JavaServer Pages and Java Applet technologies, respectively.
Patients
One hundred twenty-two patients suspected of having DGS/VCFS (i.e.,
cardiac defect, abnormal facies, thymic hypoplasia, cleft palate, and hypocalce-
mia) were referred to the Genetic Center of our hospital for further examination.
Clinical investigations of DGS/VCFSwere performed on all patients (by P.-L.K.)
and conducted according to Declaration of Helsinki principles.
To validate the real-time quantitative PCR assays, all QPCR results were
examined blind to the previous diagnosis. In addition, four normal controls of
known DNA copy number at the target loci were also included in this study.
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The metaphase spreads were prepared from peripheral blood lymphocytes
using standard methodology. FISH was carried out using a DNA probe con-
taining theHIRA gene labeled with SpectrumOrange (Vysis, Downers Grove, IL,
USA). HIRA is a chromosome-22-specific probe used to detect deletion in the
critical region of DGS/VCFS. In contrast, the arylsulfatase (ARSA) gene mapped
to 22q13 was labeled with SpectrumGreen (Vysis) and used as the control probe.
Before the hybridization, the slides were digested with proteinase K (10 mg/ml)
at 37-C for 30 min, denatured in 70% formamide with 2 SSC at 73-C for 5 min,
and dehydrated by passing them through a series of chilled alcohol solutions.
After being denatured at 73-C for 5 min, 10 ml of hybridization solution mixed
with the probes was applied to the target areas of the slides. Hybridization was
performed at 37-C for 2 h. The slides were then washed three times in 50%
formamide with 2 SSC at 43-C for 30 min. They were then washed in 2 SSC
several times and counterstained with DAPI II. All the slides were evaluated
using a fluorescence microscope (Eclipse 8000; Nikon Corp., Tokyo, Japan).
Photographs were taken with a FDX 34-mm camera (FDX; Nikon Corp.).
DNA extraction
Genomic DNA was extracted from peripheral blood samples using the
Puregene protocol (Gentra, Minneapolis, MN, USA). DNA concentrations
were determined with the OD 260/280 method using an RNA/DNA calculator
(GeneQuant Pro; Amersham Biosciences, Buckinghamshire, UK). DNA was
then diluted in distilled water to the concentration of 10 ng/Al for further
application.
Primer design
Primers for quantitative PCR were designed using Primer Express software
(version 2.0; Applied Biosystems, Foster City, CA, USA) from GenBank
sequences NT_011519.10 and NT_011520.10 (NCBI; http://www.ncbi.nlm.
nih.gov/). To avoid cross amplification, the primers were designed in
nonrepetitive DNA sequences; the primer pairs A3M-f/-r, M3M-f/-r, and
T3M-f/-r are within the proximal, middle, and distal region of the common
deletion interval, respectively [13] (Supplementary Data 1). In addition, the
primer pairs CO3M-f/-r and TO3M-f/-r are at the proximal and distal ends
flanking the common deletion interval, respectively. Primers that amplify the
human serum albumin exon 12 fragment [28] were used for calibration. The
optimal concentrations of primers and templates that generate the highest
intensity and specificity of each fluorescent signal were determined empirically
before the experiment. All amplicons were smaller than 85 bp, as recommended
by the manufacturer.
QPCR
DNA copy numbers in the target chromosomal region were detected in
triplicate using a sequence detection system (ABI Prism 7900HT; Applied
Biosystems). The copy number was estimated using a QPCR approach with a
SYBR Green I detection system. All reactions of each plate were prepared from
a single PCR master mix consisting of 0.2 AM each locus-specific primer pair
for the target gene and the albumin gene (i.e., internal control) and 1 SYBR
Green PCR Master Mix (Applied Biosystems) in a final volume of 20 Al. Ten
nanograms of each DNA sample from patients and controls, along with one no-
template control (background), was amplified under a fixed thermal cycling
condition recommended by the manufacturer: 95-C for 10 min, 40 cycles at
95-C for 15 s, and 60-C for 1 min. The amplified products were routinely
analyzed using melting curve analysis to exclude amplifications containing
nonspecific products or primer dimers. In addition, equal amounts of DNA
from four known control samples were mixed for use as calibrators in the
comparative DDCt method.
Data analysis
The fluorescence emission from each sample was collected and evaluated
using Sequence Detection System software (SDS version 2.0; AppliedBiosystems) and further analyzed using Microsoft Excel. Each amplicon was
run in triplicate in separate wells to quantify the target gene relative to the
albumin gene as the internal control. The threshold cycle number (Ct), at which
the amount of amplified target reaches a fixed threshold, is related directly to
the amount of the initial target. A smaller or larger Ct value reflects an earlier or
later increase in fluorescence and thus indicates a higher or lower starting copy
number in the target genomic DNA. The starting copy number of the unknown
sample was determined relative to the known copy number of the calibrator
sample using the comparative Ct Method (ABI Prism 7700 Sequence Detection
System, User Bulletin 2 1997, pp. 11–15). Briefly, the DDCt method uses the
formula
ðDCt in unknown sampleÞ  DCt in calibrator sampleð Þ ð1Þ
where DCt is determined by subtracting the average albumin C t value from the
average target loci Ct value. The relative gene copy number was then
determined using the formula
2 DDCt T SDð Þ ð2Þ
where SD is calculated from the standard deviations of the values of the
albumin and target genes using the formula provided by the same user menu
(ABI Prism 7700 Sequence Detection System, User Bulletin 2, 1997, p. 35).
Using this calculation, a converted DDCt value of 1 indicates a normal sample,
and a converted DDC t value of 0.5 or 1.5 indicates a sample with gene deletion
or duplication, respectively.
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